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The adsorbing particle flotation of Fe?* or Fe?t and Cu?* ions was studied by the combined use of bentonite

(Bt) and a cationic surfactant, benzylhexadecyldimethylammonium chloride (BHDAC).

Fe3t ions were effec-

tively floated from an aqueous solution by the use of Bt and cationic surfactant in a manner similar to the flotation

by the use of sodium silicate and cationic surfactant.

the pH was increased by the addition of sodium hydroxide.
The pH corresponding to the beginning of flotation of Fe*+ was influenced by the

Fe?*+ under optimum conditions.

Most Fe?+ ions were found to be floated as Fe3t ions, when

The maximum floatability of 98%, was obtained for

manner in which the pH of the solution was controlled. Cu?* ions could also be floated, but less effectively

than Fe?t ions.
achieved.

A limited number of studies have been reported for
Fe3t and Cu?t ion flotation. Rubin and Johnson
studied the effect of pH on the precipitation flotation of
Fe3* ion using an anionic surfactant, sodium dodecyl
sulfate; the results were compared with a calculated
precipitation flotation curve.)) Rubin et al. found that
Fe3t ions were effectively removed from an aqueous
solution by the use of sodium dodecyl sulfate.’? They
also studied the removal of Fe3* and Cu?* ions by
octadecylamine as a function of pH.» Floatability of
Cu?t ions as Cuy[Fe(CN)g] or the 8-quinolinol complex
has also been reported.?

In a previous paper, it was reported that Fe3+ ions
were effectively removed from an aqueous solution by
the ion flotation using sodium silicate and a cationic
surfactant, and that the floatability is greatly influenced
by the order of addition of these reagents.?) We have
also reported that various kinds of heavy metal ions
were more effectively floated by the combined use of
bentonite and cationic surfactant than by the use of an
anionic surfactant alone.?

In this study, therefore, the adsorbing particle
flotation of Fe?+, Fe?+, and Cu?* ions has been attempted
and the effects of pH, gas-flow time, and the amount
of bentonite on the floatability are reported.

Experimental

Materials. Extra-pure grade ammonium iron(II)
sulfate and ammonium iron(III) sulfate, obtained from the
Wako Pure Chemical Industries, Ltd. were used without
further purification. The copper(II) sulfate used was an
extra-pure grade CuSO,.5H,0; it was recrystallized from
distilled water. The bentonite powder (Bt) used as an ion
exchanger was obtained from the Wako Pure Chemical
Industries, Ltd.; the fraction passing through a 350-mesh
sieve was collected and dried under reduced pressure. The
benzylhexadecyldimethylammonium chloride, a product of
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Selective flotation of Fe*t from the mixed solution of Fe*t and Cu?t was attempted and effectively

the Kao Soap Co., Ltd., was recrystallized from acetone and
was dried under reduced pressure. All other chemicals used
for colorimetric determination were of analytical reagent-
grade, except that the carbon tetrachloride and ammonia used
were of special grade.

Apparatus and Procedure. The apparatus and method
used for flotation measurements were the same as have been
described previously.® The concentrations of Fe*t and Cu?*
ions were determined by colorimetric methods as follows.

Iron:® Five cm3 of the solution after flotation was trans-
ferred into a 25 cm3 flask, 0.2 to 0.5 cm? of 0.5 mol/dm? H,SO,
was added to dissolve iron hydroxide, and 2 cm?® of acetate
buffer solution and 1 cm? of a 109%, solution of hydroxyl-
ammonium chloride were added to insure the complete reduc-
tion of Fe?t to Fe?t ions. Further, 1 cm?® of a 0.29, aqueous
solution of 1, 10-phenanthroline solution was added to develop
the color. After 30 min, the total volume was increased with
water to 25 cm3. The concentration of Fe?* ions was then
determined by the colorimeter, Bausch & Lomb, Spectronic
20, at 510 nm. The errors in the colorimetric method due
to the scattering of light by Bt are of the order of 4-2%,; this
was taken into account by the blank experiment.

Copper:¥ 2 to 3 cm?® of sample solution were transferred
into a separatory funnel together with a little water, To this
solution were added 5 cm? of 209, aqueous solution of am-
monium citrate and 2—3 drops of Tymol Blue solution. The
mixed solution was adjusted to pH 9.0—9.2 with ammonia,
and the total volume was then made 50 cm?® with water. To
this solution was added 1 cm?® of 1% aqueous solution of
sodium diethyldithiocarbamate. The concentration of Cu®"
ions extracted in carbon tetrachloride solution was determined
by using the colorimeter at 440 nm.

A humidified nitrogen gas was bubbled through a sintered
glass plate (No. 4) at the gas-flow rate of 10 cm?/min. The
measurements were conducted at the room temperature
of about 25 °C. Floatability was expressed as the percentage
of the sublate floated.

Results and Discussion

Ion Flotation of Fe. Floatability and Gas-flow Time:
Figure 1 shows the effects of gas-flow time on floatability
for the solution containing 1.8x10~%mol/dm3 Fe2*
(which floated as Fe3+* ions, as will be mentioned later),
5.0 x 10~ mol/dm? BHDAC, and 1.0 1029, Bt at the
optimum floatability of pH=10.7. It can be seen that
the floatability attains a steady value after 1.5 min.
Accordingly, all subsequent experiments were made at a
gas-flow rate of 10 cm®/min and a gas-flow time of 2 min
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Fig. 1. Effect of gas-flow time on Fe?t+ floatability.
Fe3t: 1.8 X 10~* mol/dm?, BHDAC: 5.0 X 10—% mol/dm?,
Bt: 1.0x 10-2%,, pH: 10.7.
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Fig. 2. Effect of pH on Fe?** floatability.
Fe?t: 1.8 X 10~¢ mol/dm3, BHDAC: 5.0 X 10-5 mol/dm?,
Bt: 1.0x 1029, gas-flow time: 2 min.
I, O: Aqueous solution prepared by dissolving ammo-
nium iron(II) sulfate in dilute sulfuric acid (pH 2.3)
and increasing pH by NaOH.
II, [: Aqueous solution prepared by dissolving am-
monium iron(II) sulfate in distilled water (pH 5.7) and
increasing pH by NaOH decreasing pH by H,SO,.
III, A: Aqueous solution prepared by dissolving am-
monium iron(II) sulfate in distilled water(pH 5.7),
adjusting pH 2 by H,SO;, and raising pH by NaOH.

unless stated otherwise.

Floatability and pH: In order to study the effect of
pH on floatability, the flotation was carried out under
the conditions of 1.8 x10-4mol/dm3 Fe?t, 5.0 x10-5
mol/dm3 BHDAC and 1.0 X 10-29, Bt. This composition
of flotation agents is modeled on the optimum composi-
tion of Co?* ion flotation mentioned in a preceding
paper.® The results are shown in Fig. 2. In Fig. 2, the
circles (system I) show the floatability of Fe?t ions from
aqueous solutions of varying pH, which were obtained
by dissolving ammonium iron(II) sulfate in an aqueous
sulfuric acid at pH 2.3 and then increasing the pH by
adding sodium hydroxide. The squares (system II)
show the floatability of Fe?* ions from an aqueous
solution prepared by dissolving ammonium iron(IT)
sulfate in distilled water of pH 5.7 and adjusting the
pH by sodium hydroxide for higher pH and sulfuric
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acid for lower pH. The triangles (system III) show the
floatability of Fe?* ions from an aqueous solution
prepared by dissolving ammonium iron(II) sulfate in
distilled water of pH 5.7, followed by decreasing the
pH to 2 by sulfuric acid and then increasing the pH by
the addition of sodium hydroxide.

In the case of systems I and III, the floatabilities
increase sharply at pH 3, and reach 959, at pH 6 and
above; in the case of system II, the floatability increases
sharply by the slight addition of sodium hydroxide only
from pH 6 and reaches 959, at pH 8 and above.
Generally, metal ions are known to be floated effectively
from a solution whose pH value corresponds to the
beginning of metal hydroxide formation.? However,
the present results show that the pH corresponding to
the beginning of flotation is influenced by the reagent
to be used for the pH control.

In order to clarify the state of the iron ions floated,
the amount of Fe3* ions in the sample solution was
determined by the chelate titration method using
EDTA.? The results show that the aqueous solution(I)
contains 119, Fe3+ ions at pH 2.3, but that the aqueous
solution(III), whose pH was decreased below 3 by
H,SO, and then increased above 3 by the addition of
sodium hydroxide solution, contains 98%, Fe3t ions. It
was also observed that the precipitate became
reddish-brown at pH 3 and above by the addition of
sodium hydroxide in the case of systems I and III
and above pH 5.7 in the case of system II. In the case
of Fe3+ solution using ammonium iron(III) sulfate, the
floatability curve was the same as that of the systems
I and III. Therefore, in the case of systems I and III,
Fe?t ions in ammonium iron(II) sulfate solution are
considered to be oxidized almost completely to Fe3+
ions, as is mentioned in the literature.’® In the case
of system II, the flotation does not occur and the color
of the solution does not change to reddish-brown in the
pH region of 5.7 and 3. In this pH range for the condi-
tions II, the solution is considered to be in a state of
Fe2+ ions. Thus the beginning of the flotation and
probably the formation of iron(III) hydroxide seems to
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Fig. 3. Effect of pH on Fe?t floatability.
Fe3t: 1.8 X 10~% mol/dm?,
A ; BHDAC: 5.0 X 10~% mol/dm3, gas-flow time: 2 min,
(O; BHDAC: 1.0 X 10~* mol/dm?, gas-flow time: 7 min,
[J; BHDAC: 5.0 X 10-% mol/dm?, gas-flow time: 2 min,
Bt: 1.0x 10-29%,.
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be influenced at least by the addition of sodium hy-
droxide, the reagent used for controlling pH. The
reason is not clear at present.

Effect of Bentonite: In order to study the effect of
Bt on Fe3+ ion flotation, the flotation was carried out at
various pH values with and without Bt addition. The
results are shown in Fig. 3. As may be seen in Fig. 3,
in the system without Bt addition the floatability for
the case of gas-flow time of 2 min shows a plateau of
149, in the pH region of 3 to 8, above which it sharply
increases. But in the case of the system with Bt addi-
tion, as has been shown, the floatability increases
sharply at about pH 3; this is shown by the squares in
the figure. A marked effect of Bt addition is evident
from these curves. Here the Bt acts as a bridge between
positively charged iron(III) hydroxide and BHDAC,
especially in the relatively low pH region. The rather
rapid increase of floatability in a strongly alkaline
region in the case of the system without the Bt addition
in Fig. 3 may be explained by the interaction between
negatively charged iron(III) hydroxide and positive
BHDAC ions, as has been reported.’) It should be
mentioned, however, that when the gas-flow time is
increased to 7 min, the floatability of the above system
without the Bt addition is found to increase and the
floatability curve coincides with that of the system I
of Fig. 2, as shown by the circles in Fig. 3. The reason
for this is not certain, but it is perhaps due to the
flotation caused by the weak interaction between
similarly charged iron(III) hydroxide and BHDAG,
aided by the prolonged gas-flow time.

We have also studied in detail the flotation behavior
in the relatively high pH region, and obtained the
floatability of Fe3t in a solution of fixed BHDAC con-
centration at pH 11 as a function of Bt amount added.
The results are shown in Fig. 4. In Fig. 4, the floata-
bility decreases for system I with increasing Bt concentra-
tion. The decrease of floatability is due to the uptake
of BHDAC by Bt, resulting in the decomposition of the
Fe hydroxide-BHDAC complex which is effective in
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Fig. 4. Effect of Bt on Fe3t floatability.
Fe3+: 1.8 X 10~% mol/dm?, gas-flow time: 2 min,
I, []; BHDAC: 2.5 x 10-5 mol/dm?, pH: 10.9,
11, @; BHDAC: 5.0 X 10-5 mol/dm?, pH: 10.9,
111, A; BHDAC: 7.5 10-% mol/dm?, pH: 10.9,
IV, O; BHDAGC: 1.0 X 10~% mol/dm?, pH: 11.7.
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Fig. 5. Effect of pH on Cu?* floatability.
Cu?*t: 2.0x 10~* mol/dm?, BHDAGC: 5.0x 105 mol/
dm3, gas-flow time: 2 min, : 1.0x 1029, Bt, A: 0.5
x 1029, Bt.

the flotation process. In the case of systems II, III,
and IV, the floatability increases with increasing addi-
tion of BHDAC. In these systems, the presence of a
sufficient amount of BHDAC ensures the flotation of
negatively charged Fe-hydroxide in the presence of Bt
by a mechanism similar to the flotation of permanganate
anions reported in an earlier paper.®

Ion Flotation of Cu. Floatability and pH: The effect
of pH on the floatability of Cu?t ions was also measured
under conditions of 2.0 X 10— mol/dm3 Cu?*+, 5.0 x 10—
mol/dm?® BHDAGC, and 1.0 or 0.5x10-2% Bt. The
results are shown in Fig. 5. It can be seen in this figure
that the floatability sharply increases from zero above
pH 6; this corresponds to the beginning of Cu(OH),
precipitation. The increase of the amount of Bt added
has little effect, as seen by the comparison of the systems
of circles and triangles in the figure. The maximum
flotation obtained is not so large as that for the Fe3t
ions.

Effect of Bentonite: In order to study the effect of Bt,
the flotation was carried out for the system without the
addition of Bt and a comparison was made. The results
are shown in Fig. 6, together with the system with Bt
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Fig. 6. Effect of pH on Cu?+ floatability.
Cu?t: 2.0x10~% mol/dm3, BHDAC: 5.0% 10~% mol/
dm3, gas-flow time ((O: 7 min, A: 5 min).
The solid line shows the floatability of Cu?* ions from
Fig. 5.
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Fig. 7. Selective flotation of Fe*t and Cu?t ions.
Fe3+: 2.0x10-* mol/dm?, Cu?*+: 2.0X 10-* mol/dm3,
gas-flow time: 2 min.

BHDAC: 5.0 X 10-5 mol/dm?

B 105 1020, MR} Fer(0), Cutr(a)
BHDAC: 1.0 104 mol/dm?

Bt 205 10305 ol } Fei'(@), Cu*'(A)
Solid line I: simple system of Fe3+ ions.

Solid line II: simple system of Cu?* ions.

(Fig. 5). It is seen in this figure that the lack of Bt
remarkably decreases the floatability of Cu?+, and the
increase of gas-flow time from 2 min through 5 to 7 min
increases the floatability in a slightly different way from
the case of Fe3t flotation. The increase of BHDAC
concentration shows no effect. Thus, the addition of
Bt is found effective in both the reduction of gas-flow
time and the increase of floatability.

Selective Ion Flotation from a Mixed System. The
flotation of Cu?+ and Fe®* ions from a solution containing
2.0 x 10—* mol/dm? Cu?+, 2.0 X 10~4 mol/dm? Fe?+, 1.0 X
1029, Bt, and 5.0 X 10-5 mol/dm?® BHDAC was carried
out by controlling pH with NaOH. The results are
shown in Fig. 7, as open circles and triangles respectively,
together with the results obtained for the separate
systems of Cu?t and Fe®t ions, shown as solid lines.
In the mixed systems, Fe3t and Cu?t ions are floated
above pH 3 and 6 respectively, as in the flotations of the
separate systems. Thus, even in the mixed system the
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flotation begins at the point of the formation of insoluble
iron and copper hydroxides. Accordingly, the selective
flotation of Fe3* ions was achieved between pH 3 and 6,
enabling the separation of Fe3t ions from Cu?t ions.
However, in the above system, because of a relatively
limited amount of Bt and BHDAC, the floatability of
Fe3+ ions decreases as soon as the Cu?t ion flotation
begins and they both attain a steady value of about 409,
at pH values higher than 8. In the case of a sufficient
addition of Bt and BHDAC, as shown by the solid
curves and triangles in Fig. 7, the flotation of Fe3+ and
Cu?* jons increases; beyond pH 10, the flotation of both
Fe3+ and Cu?* attains their steady maximum of about
809%,. These conditions are applicable for the non-
selective removal of both Fe3+ and Cu?*.
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